The Bacillus subtilis "rec assay" test, widely used for the detection of DNAdamaging agents, was studied in detail, using an isogenic set of strains carrying different mutations in repair or recombination functions or both. recE4 and rec45 mutations turned out to confer on the cells the highest sensitivity to known mutagens. The recE4 strain and its isogenic rec+ strain have been tested and validated by several rec assay procedures for preferential killing by known DNAdamaging agents. The use of purified spores of the tester strains offers advantages for standardization of the assay.
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Recombination-and repair-deficient mutants in bacteria are more sensitive, compared with wild-type cells, to the killing action of radiation and DNA-damaging agents. Different chemical damages on DNA are repaired through cellular recombination-repair functions.
Based on this relation, a simple assay for screening chemical mutagens of the DNA-damaging type was devised in salmonella, in deep rough strains without DNA excision repair (1) in Escherichia coli, using polA strains (14, 21, 22) , and in Bacillus subtilis, with rec mutants (9) . Of the repair tests, the most extensively used is that involving B. subtilis rec mutants, called the "rec assay" (9) . Substances showing an increased lethal effect on rec mutants versus parental cells may damage cellular DNA and generally turn out to be mutagens.
Although the rec assay is not a mutation assay, it is very useful, in addition to mutagenic assays, for preliminary screening programs (6, 8-10, 13, 18, 19) .
In this paper the identification of the mutations in repair and in recombination, conferring on B. subtilis cells the widest sensitivity spectra for typical chemical mutagens, is described, using an isogenic set of strains. Media. Difco nutrient broth with 0.5% glucose added (NBG) was used for overnight cultures. Plates containing 25 ml of nutrient agar (2% agar) were used for the different rec assay procedures. Soft agar (2 parts of nutrient broth and 1 part of nutrient agar) was maintained at 45C. Minimal medium was used to select transformants and to check strain genotype.
Spore preparation. Spores prepared and purified as described by Siccardi et al. (20) were maintained in distilled water at 4°C. Activation was performed by heating the spore suspension at 80°C for 15 min. Germination was done with activated spores in NBG medium at 3rc. a aro, arg, his, leu, lys, met, thr, thy, tyr, and trp indicate, respectively, requirements for shikimic acid, arginine, histidine, leucine, lysine, methionine, threonine, thymine, tyrosine, and tryptophan; rec, deficiency in recombination; polA, deficiency in DNA polymerase I; and uvr, sensitivity to UV radiation.
Schleicher & Schuell Co., Keene, N.H.) were placed on the streaks ( Fig. 1 ) and soaked with a solution of the chemical to be tested (maximum, 40 ,ul). In the case of radial or orthogonal streaks, to reduce crosscontamination interference, the rec mutant was the first strain streaked. Plates were incubated for 24 h at 37°C, and growth inhibition was measured.
Inhibition halo assay. A 0.1-ml portion of an overnight culture of the tester strains in NBG meceium, grown at 37°C with shaking, or 0.1 ml of a spore suspension at 1 x 108 to 2 x 108 cells per ml was added to tubes containing 2 ml of soft agar maintained at 45C. The tubes were mixed, and the soft agar was distributed onto the surface of a dried nutrient agar plate. When the soft agar was solidified, a sterile paper disk (9-mm diameter; Schleicher & Schuell) was placed in the center of the plate. Increasing concentrations of the chemical to be tested were added to the paper disk in volumes of 10 to 40 ,ul. The plates were then incubated at 37°C for 12 to 20 h, and the inhibition halo was measured. The DNA-damaging activity was calculated by the ratio of the diameter of inhibition measured on rec and parental strains. To increase the sensitivity of this assay and also for the streak test, a cold preincubation step can be introduced (7) . Plates, prepared as described above, were kept at 4°C overnight after the addition of the chemical to the disks (thus permitting diffusion of the drug) and then incubated at 37°C.
Fractional survival assay. Tubes containing 2 ml of soft agar, maintained at 45°C, were supplemented with, in the following order: increasing concentrations of the chemical to be tested (usually 0.1 ml or less), 0.1 ml of a S x 10-6 dilution of an overnight culture of the tester strain in NBG, or 2 x 103 to 3 x 103 spores. The bacteria can remain for several minutes at 45°C without harm. The contents of each tube were mixed by rotating between the palms and distributed onto the surface of an agar plate. Plates were incubated at 37°C for 12 to 24 h.
RESULTS
To identify the mutations affecting recombination or repair functions or both and able to confer on B. subtilis cells the widest sensitivity to DNA-damaging chemicals in the rec assay test, an isogenic set of strains was constructed by DNA congression in transformation (Table  1) . Of the different procedures developed for the rec assay (see below), the inhibition halo test was used to determine the DNA-damaging activity of several known active chemicals on the isogenic strains (Table 2) .
Strains PB1791 (recE4) and PB1792 (rec45) shared the highest and broadest sensitivity to the different agents considered. All of the isogenic strains displayed the same sensitivity to antibiotics as did the parental strain. The sensitivity of PB1791 (recE4) to the antibacterial activity of DNA-damaging agents cannot be further enhanced by inserting a polA or uvrA mutation (data not shown). A plasmid was also identified that increases the MMS sensitivity of PB1652 (G. Mazza and U. Canosi, submitted for publication), but this effect was not additive with the recE4 genotype. PB1652 (parental strain) and PB1791 (recE4) were used as tester strains to determine the optimal conditions for rec assay procedures (see Materials and Methods). Figure  1 shows the results obtained with the original procedure for the DNA-damaging test, as devised by Kada et al. (9) , with MMS, ethyl methane sulfonate, and chloramphenicol as the negative controls. Streaks can be done in a parallel, radial, or orthogonal manner. Due to non-homogeneous cell distribution along the streaks, this test offers only a qualitative measure of DNA damage. A given agent can be considered positive when the ratio between the length of the inhibition zone of the mutant and that of the parental strain exceeds 1.2 to 1.3, which is the threshold value observed with common antibiotics (data not shown).
Measurement of the inhibition halo produced on a lawn of cells distributed by the soft-agar technique (see Materials and Methods) allowed a more accurate determination of the activity of DNA-damaging chemicals. The relative activity of a chemical is deduced from the ratio of the diameter of the halo of inhibition produced on rec over rec+ strains (Fig. 2) . The results obtained with several DNA-damaging agents are reported in Table 3 ; a ratio of 1 to 1.1, generally observed with common antibiotics, is indicative of the absence of DNA-damaging activity. Also, with this assay the major disadvantage is that the inhibition zone depends upon the diffusion of the chemical from the disk in the agar. Charge, molecular weight, and solubility may affect diffusion of the chemical and produce a falsenegative result. A cold preincubation step (see Materials more accurate evaluation of the activity of chemicals with a low diffusion rate could be obtained. Figure 3 shows the dose-response curves obtained by direct incubation and, with a preincubation step, produced by MMS. Figure  4 are shown the results obtained in this assay with several DNA-damaging chemicals.
In the different methods described to evaluate the differential sensitivity of rec versus rec+ strains to DNA-damaging chemicals, the use of (Table  2 ). recE4 and rec45 mutations probably belong to the same gene. rec-45 is tightly linked to recA and pyrA in the chromosomal region where recE4 is located. The linkage between rec45 and recE4 is about 2.5%, as determined by the recombination index method (17) . The lack of a complementation assay in B. subtilis and the identification of the molecular defect of these two strains make the attribution of rec-45 and recE4 as alleles of the same gene only tentative. The degree of sensitivity of these two isogenic strains in the different procedures that can be used for the rec assay is comparable.
Different methods used to evaluate the sensitivity of rec versus rec+ strains have been applied to strains PB1652 (rec+) and PB1791 (recE4) with known DNA-damaging agents. The streak procedure suffers from inaccuracy: a low DNA-damaging activity cannot be detected. This test is useful, however, for rapid evaluation of activity in large screening programs.
The inhibition halo assay allows a reproducible and quantitative evaluation of DNA-damaging activity, and dose-response curves can be constructed (Table 3 ; Fig. 2 and 3) .
The best method for obtaining a quantitative measurement of the differential inhibition of rec+ and rec strains was the efficiency of plating method (fractional survival assay; see Fig. 4) .
The rec assay, applied to tester strains PB1652 and PB1791, can efficiently detect several DNAdamaging agents (Table 3) , and the correlation between the ability of a preferential killing of rec compared with rec+ by a given chemical and its mutagenic capacity is satisfactory. Simple inter- (21) .
Although the rec assay is not satisfactory at present for detecting premutagens, it is still one of the simplest and fastest microbial assays and, in combination with other microbial systems, has allowed several authors to detect a number of new mutagens (3, 13, 18, 19) . Compared with other microbial repair tests with E. coli or salmonella, the rec assay offers several advantages: increased permeability of the cells to various chemicals due to the gram-positive organization of envelopes, easy culture maintenance of the strains, and the possibility of using purified spores instead of vegetative cells. The applicability of the rec assay does not suffer from the limitation imposed on other microbial assays by strong bactericidal compounds and may provide good evidence of DNA interaction and damage.
